Abstract-An efficient measurement methodology is proposed to construct the scattering parameters of a multi-port device using a four-port vector network analyzer (VNA) without the external un-terminated ports. By using the four-port VNA, the reflected waves from the un-terminated ports could be minimized. The proposed method significantly enhances the accuracy of the S-parameters with less number of measurements compared to the results of classical renormalization technique which uses twoport VNA. The proposed method is validated from the measured data with the coupled 8-port micro-strip lines.
I. INTRODUCTION
Measuring multi-port scattering parameters (Sparameters) using a two-port vector network analyzer (VNA) has been widely used because it can be done at low cost with simple calibration. However, to obtain accurate N-port measurement with two-port VNA, certain conditions need to be met at the external terminations [1] [2] [3] [4] [5] [6] . I. Rolfes found that one needs to know at least one external termination except the ports where the VNA is connected [3] , and D.G. Kam showed that probing pads having almost unity reflection coefficients can enable the use of the two-port renormalization technique to characterize an eight-port device [4] . C.-J. Chen performed error and accuracy analyses for scattering parameter renormalization techniques using a two-port VNA [5] .
In this letter, an efficient method to re-construct the multi-port S-parameters without knowing the exact reflection coefficients at the external terminations by employing a four-port VNA is proposed. Compared to the traditional method of using the two-port measurement, the measurement and data processing time can significantly be minimized. The S-parameters derived from proposed renormalized S-parameters matches the true S-parameters from the matched terminations, while the conventional two-port renormalization method showed a notable discrepancy without the exact knowledge of the reflection coefficients. Eight-port micro-strip lines were fabricated and tested to verify the validity of the proposed method.
II. PROPOSED METHOD
The scattering matrix renormalization formula is expressed as
where S is the N-port scattering matrix that is being normalized with port-referenced-impedance ζ i , S' is the transformed scattering matrix when the port impedances are altered to Z i , Γ is the diagonal matrix of reflection coefficients of Z i seen from line impedances ζ i , and I is the N×N identity matrix [1] .
The flow of the proposed four-port renormalization technique is shown in Fig. 1 . First, the ports that are connected to the 4-port VNA are selected. The four ports need to be the two pair of ports belonging to the same net. While the N-port reconstruction method based on twoport measurement requires the number of 2 N C measurements, 4-port measurement requires the number of / 2 2 N C measurements. As a result, the efficiency of the proposed method is higher as the number of ports becomes larger. Furthermore, by connecting the four ports of DUT to 4-port VNA appropriately, the reflected waves can be minimized without knowing the external port terminations. The measured 4-port S-parameters are converted to S'-matrix with the open port condition using (1), and then the N×N S'-matrix is constructed from the multiple sub-matrices. The construction of S'-matrix is explained in the next section using a test case. Then the whole S'-matrix is re-normalized to obtain the final Sparameters as described in [1] .
III. MODEL VALIDATION
In order to verify the algorithm, the measurement was carried out with eight-port coupled micro-strip lines shown in Fig. 2 . Each trace on the FR4 substrate had a width of 0.5 mm, and the traces were spaced apart 1.9 mm from each other. Table 1 shows the ports connected to the four-port VNA at each measurement. It is an eight port test structure so the number measurement that needs to be taken for reconstruction is 6, while two-port requires 28 measurements.
The measurement can be performed on (1,2,3,4), (1,2,5,6), but not on (1, 3, 5, 6) , (2, 4, 6, 8) assuming that the inside routing information is known. At each measurement, the four ports of the device under test (DUT) are connected to the VNA, and the remaining four ports are kept open. The construction of 8×8 S'-matrix from 4×4 matrices from measurements of Table 1 is shown in Fig. 3 . By including the 4×4 matrix of M1, M4, and M6, the reflection coefficients of all the ports are included in the main diagonal. For M2, M3, and M5, only the off-diagonal elements need to be included. The final S-parameters can be calculated from S'-matrix using (1) . To obtain the true S-parameters of this circuit as a reference, broadband 50 Ω was used for the external terminations of the other four ports which are not connected to VNA. The measured and the renormalized S-parameters are shown in Fig. 4 , and the accuracy of the four Sparameters out of 64 is shown because of the space limit. It is clear that the S-parameters from the proposed 4-port renormalization method coincide almost exactly to the true S-parameters in both magnitude and phase. The data from classical 2-port renormalization scheme, however, show large discrepancy in both magnitude and phase. This is because the conventional two-port renormalization scheme cannot avert the reflected waves coming into the VNA port because it has only two ports to use, meanwhile the proposed four-port renormalization scheme has some freedom to take other ports, minimizing the reflected waves coming into the VNA. In the calculation process for the renormalization, we used 1MΩ for the external terminations for both two-port and four-port methods. It is good to notice that the Sparameters from the proposed four-port renormalization coincide very well to the true S-parameters even though the 1MΩ we used was just a rough estimate of the external terminations. The accuracy of the proposed method can degrade when the coupling factor of the micro-strip lines becomes very high due to the reflected waves from the coupled lines which are terminated unmatched. Nevertheless, from the practical measurement point of view, the enhancement in the measurement is useful especially when the matched termination is impossible due to structural reasons.
IV. CONCLUSIONS
A novel multi-port S-parameter measurement with four-port VNA is presented. In selecting the ports to be measured, the routing information in DUT is necessary. Compared to the traditional multi-port measurement method based on two-port VNA, the number of measurements is significantly reduced and the information on reflection coefficients for the external unterminated ports is not necessary. By properly selecting the VNA ports, a significant amount of reflection was reduced, and the S-parameters were renormalized as if they were terminated with matched loads, while the classical two-port renormalized method showed notable discrepancies. The proposed method is validated through the eight-port coupled micro-strip lines, and it seems that this measurement method will be useful in crosstalk analysis of connector circuit where the routing information is usually clear. 
